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Noise Reduction Potential of Large, Over-the-Wing Mounted,
Advanced Turbofan Engines

Jeffrey J. Berton*
National Aeronautics and Space Administration

Glenn Research Center

Cleveland, Ohio

As we look to the future, increasingly stringent civilian aviation noise regulations will require the design and manu-
facture of extremely quiet commercial aircraft. Indeed, the noise goal for NASA's Aeronautics Enterprise calls for

technologies that will help to provide a 20 EPNdB reduction relative to today's levels by the year 2022. Further, the
large fan diameters of modem, increasingly higher bypass ratio engines pose a significant packaging and aircraft

installation challenge. One design approach that addresses both of these challenges is to mount the engines above

the wing. In addition to allowing the performance trend towards large, ultra high bypass ratio cycles to continue, this
over-the-wing design is believed to offer noise shielding benefits to observers on the ground. This paper describes

the analytical certification noise predictions of a notional, long haul, commercial quadjet transport with advanced,
high bypass engines mounted above the wing.

Introduction

The overall noise signature of advanced turbofan

engines with highly loaded, wide chord fan blades will
be dominated by fan discharge noise. Modem, high

pressure cores and high bypass ratio cycles extract sig-
nificant energy from the core air flow, which tends to

reduce primary jet noise. This contrasts with older
technology engines, where jet noise is prominent and

where fan inlet noise is at least as high as fan discharge
noise. Previous investigations of mounting older tech-

nology engines above the wing have shown limited
noise reduction benefits. Bloomer (Ref. I ), for example,

experimentally demonstrated wing shielding reductions
of less than 3 EPNdB because the wing chord was not

sufficiently large to shield both ends of the engine. Jet
noise is particularly difficult to shield efficiently be-
cause it is often a distributed source downstream of the

wing. It is anticipated that, with fan discharge noise

dominating modern turbofans and with jet noise be-
coming less prominent, wing shielding will be much

more effective. Mounting the engines above the wing
also allows designers to install increasingly larger di-

ameter engines more easily and allows the performance
trend towards ultra high bypass ratio cycles to continue.

Other benefits of an over-the-wing design include

shorter, lighter landing gear, and interference installa-
tion drags as low as those encountered in current under-
the-wing configurations. An increase in lift may be pos-

sible via the Coanda surface effect. Unfortunately,
engine maintenance would be more complex, new

servicing rigs and lifts would be required, and cabin

noise may increase. Such a configuration would also
require a shift away from current, traditional, airframe
design philosophies. Engine support structures, wing

boxes, and even empennage would need to be designed
much differently for over-the-wing installations. The

*Aerospace Engineer, Propulsion Systems Analysis Office.

higher center of gravity may cause stability concerns.
These issues all need to be carefully considered. This
study, however, focuses simply on quantifying the

benefit of noise reduction caused by the shielding effect

of advanced turbofan engines mounted above the wing.

The aircraft considered is a notional, large, long

haul quad with high bypass turbofan engines in the

55000-pound thrust class. Entry into service is ap-
proximately 2020. A large quad is chosen because, even

under current regulations, such aircraft sometime expe-
rience difficulty complying with certification noise

requirements with a substantial margin. This is espe-
cially true at the approach measurement location. With

its long chord lengths, a large airplane would take
greatest advantage of any noise shielding benefit.

A thermodynamic cycle analysis is performed on

the engine. Thrust, spool speeds, jet properties, and
other thermodynamic and aeromechanicai data are pre-
dicted so that jet and core noise can be properly calcu-

lated. Fan inlet and discharge source noise are predicted
across all throttle settings using actual experimental

acoustic data measured from Pratt & Whitney

Advanced Ducted Propulsor rig tests. The apparent
attenuation of the fan and core source noise due to wing

shielding is predicted using a classic partial barrier dif-

fraction analysis. Noise levels appropriate for U.S.

Federal Aviation Regulation certification are predicted
for both conventional and over-the-wing mounted

configurations.

Method of Analysis

Fan noise is predicted using the acoustic test results
of Pratt & Whitney's Low Noise Fan Number 1 (Ref.

2). The fan is a 22-inch diameter scale model with
18 blades and 45 vanes. The inlet, interstage, and aft
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portionsoftheductarelinedwithatwodegreeof free-
domacoustictreatmentmaterial.Thetestfacilityis the
NASAGlenn9×15LowSpeedWindTunnel(Figure1)
whereanairturbinedrivepowersthetestarticle.The
acousticdataarecollectedusinga48-positiontravers-
ing microphoneandthreestationarymicrophonesat
yawanglesrangingfrom27to 160degreesfromthe
inletaxis.Thedataarecorrectedfor electronicphe-
nomenasuchasmicrophoneresponse,cableresponse,
andfilterresponseaswellasatmosphericattenuation.
Thetunnelisanechoicdownto250Hzandisoperated
at a freestreamMachnumberof 0.1.Thephysical,
geometricyawanglesareconvertedtoemissionangles
tocorrectfortheconvectiveflowofthetunnel.Thefan
is designedfor afull scalediameterof 130inches,a
designpointpressureratioof 1.28,a bypassratioof
13.5,andatipspeedofonly850ft/s.

Narrowbanddatatakenataconstantbandwidthof
59Hzis thebasisof thefannoisemodelingprocess.
Acoustic pressure level data at each of the 51 micro-
phone locations are scaled to full size in amplitude us-
ing the area scaling factor multiplier, and are shifted in

frequency by the linear scale factor. The data are then

brought to static conditions by assuming each sound
pressure level scales with fan power and specific work,

and normalizing that product by the appropriate con-
vective amplification factor. The convective amplifica-

tion factor is a function of the yaw angle of the data
being transformed, the tunnel Mach number, and an

assumed fourth-power exponent on the Doppler shift
term.

The measured sound pressure levels are not used di-

rectly in this analysis. Instead, a curve-fitting approach
is used so that the noise levels can be more accurately

extrapolated to yaw angles close to the engine axis.
This is important for many aircraft-observer orienta-
tions where fan noise still contributes to the certifica-

tion noise calculation, but where the yaw angles needed
are beyond those measured in the test. The noise data

are therefore smoothed using immediately adjacent
values in both frequency and yaw angle space. This

process is shown in Figure 2 for a yaw angle of 130
degrees and the maximum takeoff rated fan speed.

Tunnel background noise is also removed during this
step. The broadband noise is approximated by a single

mode of propagation in frequency f and is modeled as

an exponential of the form al[ln(f/fp)]'- + a,, where fp is
the frequency of the peak broadband noise level, and
the ai are best fit constants. The fundamental and har-
monic interaction tones do not contribute to the

broadband curve fit and are modeled separately. The
noise spectra are then converted to preferred, 1/3 rd oc-

tave, proportional band spectra as shown in the figure.

Each tone is placed on the nearest center frequency so

that their levels are not reduced in the transformation. A

change in each of the spectra may not be observed un-
less the Doppler shift is large enough to shift the acous-

tic energy into an adjacent bin. Disappearance of the
fundamental tone into the broadband noise at many

angles attests to good measures of flight cleanup and
liner performance.

Inlet and discharge components of the fan noise are

separated using data taken in the presence of an acous-
tic barrier wall that effectively removes the influence of

the discharge noise at high yaw angles. The static, free
field, tone-weighted perceived noise levels at fixed radii

are shown in Figure 3 for the fan at maximum rated
takeoff speed. The dominance of the discharge noise is

clearly seen. This is compared in the figure with
equivalent static data of an older technology CF6-80C2

fan (Ref. 3), which is dominated by inlet noise. It is
worth mentioning that the CF6 data shown is at a

reduced power setting, and the multiple pure tones that
radiate out of the inlet at higher speeds only serve to

further increase the CF6 inlet noise. With nearly all of
the noise of the current fan concentrated at the exit

plane, wing shielding is expected to be very effective.

The free field, tone-weighted perceived noise levels
at fixed radii for each of the power settings is shown in

Figure 4. The influence of convective amplification at
200 knots airspeed is also shown.

The diffraction analysis used in this study is based

on asymptotic results of optical diffraction theory,
originally proposed by Maekawa (Ref. 4) and repro-
duced in many foundational acoustic textbooks. The

engine and wing arrangement is approximated by an

incoherently radiating fan noise point source on the
engine centerline situated above a barrier wing. The
analytic treatment of diffraction effects in this manner

is common in aeroacoustic applications such as these

(e.g., Ref. 5). Spectral barrier attenuation levels are
calculated and applied separately to fan inlet and dis-
charge sources as the aircraft flies past ground level
certification observers. The shadow zone bamer at-

tenuation is

LR = 2Olog_o 2(_f_lNI/tanh 2_])+ 5 ,

where N is the wavelength-dependent Fresnel number
whose characteristic length is the difference between

the shortest path around the barrier between the source
and the observer and the source-observer distance di-

rectly through the barrier. For observers in the bright
zone (N < -0.192), the attenuation is neglected, and for

observers in the transition zone (-0.192 < N < 0), it is

appropriate to replace the hyperbolic tangent with the

NASA/TM-- 2000-210025 2



trigonometrictangent.Althoughthe above formulation

is intended for semi-infinite barriers, Maekawa suggests
that superposition may be used for barriers of finite

length and width. In this study, the attenuation is cal-
culated over both leading and trailing edges of the wing

and the resulting fields are summed. The geometry of
the engine and airframe layout used in this study is

shown in Figure 5 and Table 1. Note that the engines
are assumed to be mounted forward of the wing's

leading edge in typical fashion to help delay the onset
of flutter. Inlet and discharge barrier attenuation levels

are shown in Figures 6 and 7, respectively.

Actual bamer attenuation is often less that that pre-

dicted by theory or measured in an anechoic facility.
Distributed sources do not attenuate as well as point

sources. Although acoustically compact, the fan in this
study is not an ideal point source. Temperature and

wind stratification and atmospheric turbulence limits
the barrier attenuation as well. Wing tip vortices are
also known to cause additional refraction effects in tri-

jets (Ref. 6) and may affect noise from over-the-wing

mounted engines. Also, the refraction of sound in the
trailing wake of the wing is not predicted by theory and

will cause additional propagation into the shadow zone.
Experimental tests conducted by Hellstrom (Ref. 7),

however, generally show good agreement between
measured data and simplified analytical diffraction pre-

dictions such as these. In any case, a maximum, practi-
cal, typical attenuation limit of 24 dB is used in this

study, and it is emphasized that the diffraction analysis
performed here is only a first approximation.

Jet noise is treated as a distributed source several

diameters downstream of the installation and is not

subject to diffraction calculations. Pratt & Whitney was
tasked with experimentally measuring the jet noise of a
coannular nozzle designed to operate in an engine with

the same Low Noise Fan used here. In that study, Low
(Ref. 8) compared the experimental acoustic results

from his scale model nozzle with the SAE prediction
(Ref. 9) and found the method to overpredict the jet

noise by 5 to 6 dB across all operating conditions. This
is not unexpected, since the secondary-to-primary area

ratio of the test nozzle (7.1) exceeds the range of the
SAE database (3.5). The Stone jet noise model (Ref.

10), however, is based on area ratios as high as 43.5.
The predictions of the two methods are compared to

Low's data in Figure 8 for the highest nozzle pressure
ratio test. The data are scaled to full size and are shown

at a fixed, 150 foot radius. Although the Stone model
performs somewhat better, it also does not reliably pre-
dict the expected levels. A generalized analytic model

is preferred over simply using Low's test data, since the
jet properties predicted by cycle calculations at various

certification conditions may differ from those used in

the tests. Therefore, the peak level predictions in the
Stone method are modified to match those measured by

Low. Stone's forward flight effect model is also re-
placed by the method suggested by Low based on his

freejet data. This modified Stone method is used in all
calculations performed here. No noise installation ef-

fects are predicted for cases where the engines are

mounted below the wing.

Core noise is calculated using the method developed

by Emmerting (Ref. 11). For over-the-wing calcula-

tions, the core source noise is subjected to the same
barrier attenuation as the fan discharge noise. Airframe

noise is calculated using the method developed by Fink
(Ref. 12). To be consistent with expected airframe noise
levels of 2020, 4 dB is subtracted from all airframe
source noise calculations. This is consistent with the

demonstrated noise reduction element goals of NASA's

Advanced Subsonic Technology Program (See, e.g.,
Ref. 13). Turbine source noise is not calculated in this

study because the existing NASA methods are known
to be significantly inaccurate in both absolute level and

in spectral distribution (Ref. 3). Thankfully, turbine
noise is not likely to dominate (Ref. 13), and its omis-
sion from this study may not be a bad assumption.

Noise propagation effects considered include spherical
spreading, Doppler shift and amplification, atmospheric

attenuation (Ref. 14), ground reflections (Ref. 15) based

on data for grass-covered ground (Ref. 16), and extra
ground attenuation (Ref. 17). The aircraft sources are

then analytically "flown" through a trajectory (See
Table 2, Ref. 13) and spectra are then calculated at half-

second intervals using a code developed by Clark
(Ref. 18).

Thermodynamic and geometric engine data are cal-
culated for the core and jet noise models using the

thermodynamic cycle analysis tool described in Refer-
ence 19. With a design bypass ratio of 13.5 and fan tip

speed of only 850 ft/s, the low spool is very likely to be

geared so that the low pressure turbine is limited to a
reasonable diameter. Selected sea level static design

point and certification condition properties for a 537 °R

day are summarized in Table 3.

Results and Discussion

The tone-weighted perceived noise level variation

around the airplane in pitch angle is shown in Figure 9.
The data are shown both with and without wing barrier

diffraction calculations. Shown in the first plot are the
levels at a one thousand foot radius in a 200 "knot free

field for four fan noise sources. With the engine and

wing geometry listed in Table 2, a maximum barrier
attenuation of 14.2 PNdB occurs at a pitch angle of 140

degrees below and behind the wing. Shown in the sec-
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ondplotis thenoiselevelvariationwithall sources
considered.Withnobarriercalculationsappliedto air-

frame and jet noise, the maximum shielding effect is
reduced to only 9.2 PNdB at a pitch angle of 140 de-

grees. This limitation of the barrier effectiveness is a

result of the low noise signature of the study engine
relative to airframe noise and becomes important in the

certification noise predictions described below.

The airplane is analytically flown through its tra-
jectory as described earlier and noise histories are cal-
culated for each certification observer. Sample noise

histories are shown in Figure 10 for the community

observer. Shown in the first plot are the histories with-
out wing barrier diffraction calculations. As expected,

the trace is dominated by fan discharge noise. The low

specific thrust of the engine is evident from the ex-
tremely low levels of jet noise. Shown in the second

plot are the histories when the wing barrier is consid-
ered. Also as expected, the wing effectively eliminates
the fan discharge and core noise relative to the other
unshielded noise sources. In the shielded case, fan inlet
and airframe noise dominate the trace. Fan inlet noise is

not shielded well for a flyover observer with the ge-
ometry considered. Fan discharge noise rises again later

in the trace as the observer quickly emerges from the
transition zone, but it does not contribute significantly

to the effective perceived noise level. The unsteadiness
seen in the traces is due mainly to irregularities in the

spectra introduced by ground reflection calculations and
accentuated by the tone penalty component of the noise
metric. The noise histories for the other certification

observers are similar and are not shown.

Effective perceived noise levels for the sideline,

community, and approach observers are shown in Fig-
ures 11 through 13, respectively. Contributions of the
individual noise sources and the effectiveness of the

wing barrier are shown. 90 and 95 EPNdB contours
around the runway are shown in Figure 14. Mounting

the engines above the wing results in a reduction of the

95 EPNdB footprint from 0.96 to 0.57 square miles. In
certification parlance, the airplane in this study is 44.5
cumulative EPNdB below Stage 3 regulations, 9.9 cu-

mulative EPNdB of which may be attributed to wing

barrier shielding. This compares favorably with the
certification noise levels of current large quads, which
are approximately 10 cumulative EPNdB below Stage 3

regulations (Ref. 13).

Conclusions

The noise of advanced turbofan engines is shown to
be effectively shielded in an over-the-wing mounted

installation. Making this possible is the dominance of
the fan discharge noise and the relatively low levels of

distributed jet noise. Mounting the engines above the
wing may also result in other forms of noise reduction
not considered in this study. The enhancement of low

frequency boundary layer noise due to the entrainment

of air between the wing and the jet can often be sub-
stantial (Ref. 20). Mounting the engines above the wing
would eliminate this additional noise source and would

also prevent the wing from serving as a high frequency

noise reflector. Although expensive, ground testing and
in-flight measurements may be the only way to accu-

rately measure shielding attenuation of a modern engine
in a proper, full scale operating environment with real-
istic sources.

The low fan speed, low specific thrust engine con-
sidered here is remarkably quiet. Airframe noise is

therefore predicted to become a significant noise source

for the conceptual long haul quad aircraft studied. This
conclusion is reached despite the airframe noise reduc-

tion levels assumed in this study, and it is especially
true when the engine noise is reduced further via the
wing shielding effect. Airframe noise has often been
called the lower bound of certification noise, and it is

certainly the case in this study. Airframe noise reduc-
tions are possible, however, and the airframe noise

technologies assumed here may eventually need to be
implemented on future aircraft.
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Parameter Value

100Wing semispan (b/2, ft)
Root chord (Co, ft) 43

Tip chord (c,, fl) 13

Leading edge sweep (ACE, deg)

Inboard engine location (yEIB, ft)

Outboard engine location (yEOB, ft)

Nacelle length (L_:, in)
Engine height above wing (hE, in)

Inlet to leading edge (fE, in)

35

41

68

198

90

132

Table 1: Dimensions for the baseline aircraft configuration of Figure 5

Flight Condition
Approach

Altitude (fl)

Community

True Airspeed (kts)
175

Climb An_le (de_)
-3394

Sideline 1000 205 7 17

I 100 205 2 12

Engine Pitch (de_)
3

Table 2: Takeoff and landing reference trajectory data for a large quad aircraft

NASA/TM-- 2000-210025 5



Correctedairflow(lb/s)
Fanpressureratio
Overallpressureratio
Combustorentrancetotaltempera-
ture(°R)
Combustorentrancetotalpressure
(psia)
Combustorexittotal
temperature(°R)
Turbinerotorinlettotaltemperature
(°R)
Primaryjetvelocityfit/s)
Primaryjettotaltemperature(°R)
Primarynozzlepressureratio
Secondaryjetvelocityfit/s)
Secondaryjet totaltemperature(°R)
Secondarynozzlepressureratio
Grossthrust(lb)

SeaLevel,Static
DesignPoint

2664
1.284
38.3
1628

547

3260

3083

1110
1465
1.288
666
584
1,259

Sidefine
(lO00ft/205kts)

2919
1.280
37.8
1632

557

3260

3O83

1156
1456
1.319
752
587
1.342

Commumty
(ll00fff205kts)

2607
1.212
30.2
1529

442

2977

2818

926
1357
1.207
675
577
1.271

57300 70200 55600
Netthrust(lb) 57300 38600 27500

Approach
(394ft/175kts)

1665
1.069
13.6
1234

202

2187

2080

426
1140
1.048
424
554
1.102
21800
6400

Table3:Enginecycledata

872 (343)

Translating Microphone
Probe (48 sta)

834 (328)

Reference Wall

Microphone at -_

Home Position

Fixed .__Microphones

Figure 1: Fan rig in NASA Glenn 9x 15 Low Speed Wind Tunnel
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Figure 4: Experimental fan data, combined inlet and discharge fan noise, certification power settings

Figure 5: General arrangement of circa 2020 notional quad aircraft
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